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Abstract. For a long time, ballooning instabilities have been believed to
be a possible triggering mechanism for the onset of substorm and current dis-
ruption initiation in the near-Earth magnetotail. Yet the stability of the ki-
netic ballooning mode (KBM) in a global and realistic magnetotail config-
uration has not been well examined. In this paper, stability of the KBM is
evaluated for the two-dimensional Voigt equilibrium of the near-Earth mag-
netotail based on an analytical kinetic theory of ballooning instability in the
framework of kinetic magnetohydrodynamic (MHD) model, where the kinetic
effects such as the finite gyroradius effect, wave-particle resonances, parti-
cle drifts motions are included usually through kinetic closures. The growth
rate of the KBM strongly depends on the magnetic field line stiffening fac-
tor S, which is in turn determined by the effects of the trapped electrons,
the finite ion gyroradius, and the magnetic drift motion of charged particles.
The KBM is unstable in a finite intermediate range of equatorial βeq and only
marginally unstable at higher βeq regime for higher Te/Ti values. The finite
ion gyroradius and the trapped electron fraction enhance the stiffening fac-
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tor that tends to stabilize the KBM in the magnetotail far away from Earth.
On the other hand, the current sheet thinning destabilizes KBM in the lower
βeq regime and stabilizes KBM in the higher βeq regime.
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1. Introduction
The ballooning instability of the near-Earth magnetotail has long been suggested as a
potential trigger mechanism for the substorm onset. Based on the geostationary satellite
(GEOS) 2 observational data, Roux et al [1991] suggested that the westward traveling
surge observed by all-sky cameras was a projection of the ballooning instability during
a substorm onset in the equatorial region of the near-Earth magnetotail. Later, other
GEOS 2 observational studies further elaborated the role of the ballooning instability as
a trigger mechanism for the substorm onset [e.g. Pu et al, 1992, 1997]. Active Magneto-
spheric Particle Tracer Explorer/Charge Composition Explorer (AMPTE/CCE) satellite
observation provides additional evidence that the ballooning instability can be a possible
trigger for the substorm onset in the near-Earth magnetotail [Cheng and Lui , 1998]. In
situ observations suggest that the current sheet breakup in the near-Earth magnetotail
can take place prior to the substorm onset in absence of the Earthward fast flow that is
often attributed to the middle-magnetotail reconnection [Erickson et al , 2000; Ohtani et
al , 2002a, b]. Saito et al [2008] reported the Geotail observations which were consistent
with the ballooning mode structures in the equatorial region of the near-Earth magnetotail
prior to the substorm onset. Moreover, the observational studies have also demonstrated
that the predominant disruption modes prior to the substorm onsets and during the sub-
storm expansion stage possess longitudinal wavelength λy whose growth rate peaks at
∼ 1000km ∼ 0.1RE, corresponding to the wave number ky = 2pi/λy ∼ 40R−1E , where ky is
in the direction of dawn-dusk [e.g. Saito et al, 2008; Liang et al, 2009 ]. Recently, Xing et
al [2020] considered ballooning instability as a potential candidate for the cause of auroral
D R A F T August 7, 2020, 1:23am D R A F T
ABDULLAH ET AL: KINETIC BALLOONING INSTABILITY X - 5
wave structures based on THEMIS (Time History of Events and Macroscale Interactions
During Substorms) observational data in non-substorm time in the transition region of
near-Earth plasma sheet.
Previous analytical and simulation studies regarding the investigation of ballooning in-
stabilities in the near-Earth magnetotail have been mainly based on the ideal MHD model.
Hameiri et al [1991] suggested the existence of ballooning instabilities in the near-Earth
magnetotail using the linear MHD theory. The ideal MHD studies indicated that the
ballooning instability in the magnetotail would be stable due to strong plasma compres-
sion effect [Lee and Wolf , 1992; Ohtani and Tamao, 1993; Lee and Min, 1996]. Both
eigenmode and energy principle analyses find stability conditions of different magneto-
tail configurations for the ideal MHD ballooning mode in the limit of ky → ∞ [Lee and
Wolf , 1992; Pu et al , 1992; Lui et al , 1992; Ohtani and Tamao, 1993; Dormer , 1995;
Bhattacharjee et al , 1998; Schindler and Birn, 2004; Cheng and Zaharia, 2004; Mazur
et al , 2013]. Wu et al [1998] and Zhu et al [2004] performed linear initial value MHD
calculations to study the ballooning modes with finite ky. Their results showed that the
growth rate of the ballooning mode increases with ky and approaches constant value in the
large ky limit. Furthermore, nonideal and kinetic effects were studied for the ballooning
instability in the framework of drift MHD, Hall MHD as well as gyrokinetic models [Pu et
al , 1997; Cheng and Lui , 1998; Lee, 1999; Zhu et al , 2003]. In a recent investigation on the
pressure anisotropic ballooning instability in the substorm onset mechanism, it is found
that the transition from initially perpendicular anisotropy to parallel anisotropy decreases
the threshold of plasma beta (β) for triggering the ballooning instability [Oberhagemann
and Mann, 2020].
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Besides the ballooning instability, magnetic reconnection is another candidate for the
substorm onset trigger mechanism. Hones [1977] proposed a substorm onset scenario in
the near-Earth magnetotail region that the neutral X line and the resulting plasmoid
formation could be developed close to the end of the substorm growth phase, probably
due to the onset of instability in tearing mode. For the configuration of the Earth’s
magnetotail, the formation of plasmoids was also studied in other similar scenarios of
substorm onset [Birn and Hones , 1981; Lee at al , 1985; Hautz and Scholer , 1987; Otto
et al , 1990; Zhu and Raeder , 2014]. Observations indicate the presence of Bz minimum
width during the substorm growth phase of the near-Earth magnetotail [Sergeev et al ,
1994; Saito et al , 2010], which may be the result of adiabatic magnetotail convection
[Erickson and Wolf , 1980], or the magnetic flux transport caused by the dayside magnetic
reconnection [Otto and Hsieh, 2012], where Bz is the magnetic field normal to the neutral
sheet or the equatorial plane at z = 0. Such a minimum Bz configuration of the near-
Earth magnetotail has been found crucial for the onsets of both ballooning instability and
plasmoid formation [Zhu and Raeder , 2013, 2014].
Cheng and Lui [1998], Cheng and Gorelenkov [2004], and Cheng [2004] considered
low-frequency electromagnetic perturbations with ω ≪ ωci, k⊥ ≫ k‖, k⊥ρi ∼ 1, ve >
(ω/k‖) > vi where ω is the wave frequency, ωci is the ion cyclotron frequency, k⊥(k‖)
are the perpendicular (parallel) wavenumbers, ρi is the ion gyroradius, and ve(vi) are
the electron (ion) thermal speeds. They further adopted the local approximation for the
KBM analysis to be such that the gyroradius effect for electrons is ignored and to be
assumed that |v‖∇‖| ≫ ω, ωde, where ωde is the electron diamagnetic drift frequency.
The untrapped electron dynamic is determined by its fast parallel transit motion along
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the magnetic field B, and to the lowest order in ω/|v‖∇‖|, while the trapped electron
dynamic is determined by its fast parallel bounce motion and to the lowest order in
ω/ωbe, where ωbe is the bounce electron frequency. Furthermore, the untrapped electron
motion perpendicular to B is signified mainly by the drift motion of E × B while the
trapped electron motion perpendicular to B is determined by the E × B drift motion
and the magnetic drift motion. Note that the ion dynamic is significantly different from
electron perpendicular motion if kyρi ∼ 1. The ion dynamic is mainly determined by the
polarization drift, E ×B drift and magnetic drift motions, where ω, ωdi ≫ |v‖∇‖|, and
ωdi is the ion diamagnetic drift frequency.
The kinetic MHD model has been developed in several previous studies of the balloon-
ing instability [Cheng and Lui , 1998; Wong et al , 2001; Horton et al , 1999, 2001]. Kinetic
effects such as trapped particle dynamics, FLR, wave-particle resonance and parallel elec-
tric field were shown to be important in determining the stability of KBM in the mag-
netosphere [Cheng and Lui , 1998]. Their theory is able to explicate the wave frequency,
growth rate, and the high critical β threshold of low-frequency global instability observed
by AMPTE/CCE, where β is the ratio of thermal pressure to the magnetic pressure.
Low frequency instability is the instability in which the wave frequency is smaller than
the particle cyclotron frequency but greater than bounce frequency, i.e. ωb ≪ ω ≪ ωc,
where ωc and ωb are the particle gyrofrequency and bounce frequency, respectively. In
particular, the trapped electron effect coupled with FLR effect produces a large parallel
electric field that enhances parallel current and results in much higher stabilizing field line
tension than predicted by the ideal MHD theory. As a result, a much higher critical value
of β than that predicted by the ideal MHD model was obtained. Furthermore, Horton
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et al [2001] investigated the stability of ballooning mode in geotail plasma and compared
the calculation results between kinetic stability and MHD stability. Wong et al [2001]
developed a general stability theory of kinetic MHD for drift modes at both low and high
β limits. These kinetic MHD studies provide a better understanding of ballooning insta-
bility in wider parameter regimes of the near-Earth magnetotail plasmas. However, the
stability of the KBM in a global and realistic configuration has been less studied.
This study is thus devoted to the evaluation of the KBM stability of a global near-Earth
magnetotail configuration using the more realistic 2D Voigt equilibrium model. Previously,
Zhu et al [2003, 2004, 2007] and Lee [1998, 1999] have used the Voigt equilibrium model
for investigating the ballooning mode stability of magnetotail configuration within the
framework of ideal, Hall and extended MHD models. In this paper, we study the stability
of KBM in the global magnetotail plasmas based on the Voigt equilibrium model for
the first time. The mechanism responsible for the KBM stabilization in collisionless
magnetotail plasmas is found to be the combined effects of trapped electron dynamics,
the finite ion gyroradius (FLR), and diamagnetic drifts. Analysis shows that the KBM
growth rate strongly depends on the parameter S(= 1 + (ne/neu)δ); where ne and neu
are the total and untrapped electron densities, respectively. The parameter δ in the
stiffening factor S is defined in terms of the finite ion Larmor radius, electron βe, and
diamagnetic drifts, as in equation (5) of Section 3. The stiffening factor S depends on
the untrapped/trapped electron dynamics, FLR effect and magnetic drift motion of the
charged particles. Stability of the KBM is evaluated in a broad range of βeq at different
ky, Te/Ti, and current sheet width, where βeq represent the value of β at equatorial plane.
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Our results suggest that the excitation of KBM instability through current sheet thinning
remains a viable scenario for substorm onset in the near-Earth magnetotail.
The rest of the paper is organized as follows. The Voigt equilibrium model for mag-
netotail plasma is presented in Section 2. In Section 3, we briefly recount the dispersion
relation of the ballooning mode based on an analytical kinetic theory. In Section 4, we
evaluate the growth rate of kinetic ballooning mode from theory for the Voigt equilibrium.
Finally, a summary of the key results and a brief discussion on the new aspects of this
study are presented in Section 5.
2. Voigt Model of Magnetotail Equilibrium
In the 2D Voigt equilibrium model, the magnetic field lies in x-z plane can be expressed
in terms of magnetic flux function Ψ as B = −∇ × (Ψyˆ) = yˆ ×∇Ψ [Voigt , 1986]. Pre-
viously, this model has been applied in the ideal and Hall MHD studies of the ballooning
instabilities in the magnetotail plasmas [Zhu et al , 2003, 2004]. Since there is no X-point
in the magnetic configuration, therefore, the role of pre-existing magnetic reconnection
process may be eliminated. Moreover in the Voigt model, the equilibrium current density
parallel to the magnetic field lines is kept zero to exclude the current driven instabili-
ties. This is achieved in the Voigt equilibrium model by setting the magnetic field scaling
parameter h = 0. Therefore, in the Voigt equilibrium model, the only driving force for
the ballooning instability in the bad curvature region of the magnetic field lines comes
from the pressure gradient. Finally, the equilibrium current sheet thickness in the Voigt
model could be varied by adjusting the equilibrium model parameters which allows the
equilibrium magnetic field lines to vary from dipole-like to tail-like for a long range of
plasma β.
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In this study, the geocentric solar magnetospheric (GSM) coordinates (x, y, z) are used,
where x is directed towards the sun, y is from dawn-to-dusk, and z is in the northward
direction in the equatorial plane defined by the magnetic dipole axis of the Earth. For
ballooning modes with large ky, the near-Earth region of the magnetotail can be modeled
using the 2D magnetostatic Voigt equilibrium [Voigt , 1986; Hilmer and Voigt , 1987; Voigt
and Wolf , 1988]. In this model, the Grad-Shafranov equation includes the 2D dipole
magnetic field of the Earth and can be expressed as follows:
∇2Ψ+ d
dΨ
[µ0P (Ψ) +
1
2
B2y(Ψ)] = −MD
∂
∂x
δ(x)δ(z). (1)
If we consider the Voigt equilibria P (Ψ) = k2Ψ2/2µ0 and By(Ψ) = −hΨ then equation (1)
can be solved analytically, where P is the equilibrium pressure and By is the equilibrium
magnetic field in the direction of dusk-dawn, k and h are the constant scaling parameters.
Note that, in this study we assume By = 0 by setting h = 0. The Grad-Shafranov equation
is linear in Ψ with Voigt equilibria and its solution for the night-side magnetosphere
(x < 0) takes the following form
Ψ(x, z) = −MDRE
2
∞∑
n=1
cos(ηnz)e
λnx(1 + e−2λnxb) + Ψ−∞ (2)
whereMD is the dipole moment of the Earth and RE is the Earth’s radius. The eigenvalues
λn and ηn are related by two free physical parameters h and k as λ
2
n = η
2
n−k2−h2, where
ηn = (pi/2)(2n− 1)/zmp. The tail and day-side magnetopause locations are zmp and
xb respectively. The magnetic flux function (Ψ−∞) at x → −∞ is considered zero in
this study. The key parameters in the Voigt equilibrium model are xb, zmp, k
2 and h.
The magnetic field line configuration of the 2D Voigt equilibrium is shown in figure 1.
We choose two different values of the pressure scaling parameter k2(0.15 and 0.272) to
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demonstrate the actual stretching of magnetic field lines in the near-Earth magnetotail.
For low values of k2, the magnetic field lines are round-shaped i.e. dipole-like (figure 1a).
As k2 increases the field lines become stretched i.e. tail-like (figure 1b).
3. Dispersion Relation of KBM
The kinetic ballooning instability perturbations are considered in the regime k⊥ρi =
O(1) and k‖ ≪ k⊥, where k‖ and k⊥ represent the parallel and perpendicular wave number,
respectively. A local dispersion relation for the kinetic ballooning instability was derived
for the frequency ordering ω ≫ ωde, ωdi. Neglecting the nonadiabatic density and pressure
responses, the dispersion relation is obtained [Cheng and Lui , 1998]
ω(ω − ω⋆pi) ≃ (Sk2‖ −
βeq
LpRc
)(1 + bi)V
2
A , (3)
Here S is defined as follows [Cheng and Gorelenkov , 2004]:
S = 1 +
ne
neu
δ, (4)
δ =
βe
2
(
ω⋆pi − ω⋆pe
ω
)2 − qiTe
qeTi
(
ω − ω⋆pi
ω − ω⋆e )bi −
3
2
(
ω − ω⋆pe
ω − ω⋆e )
< ωˆde >
ω
(5)
+ (
ω − ω⋆pi
ω − ω⋆e )
ωˆBe + ωˆKe
2ω
,
where Rc and Lp are the radius of the magnetic field curvature and the pressure gradient
scale length i.e. βeq/LpRc = 2µ0κ ·∇P/B2, where κ = bˆ ·∇bˆ is the magnetic field cur-
vature with bˆ = B/B, VA = B/
√
µ0nimi is the Alfve´n velocity, bi = k
2
yρ
2
i /2, ρi = vthi/ωci,
vthi = (2Ti/mi)
1/2, ωci = eB/mi, Ti = P/n(1 + Te/Ti), neu/ne = 1− (1−B(xe)/Bmax)1/2
is the ratio of untrapped electron density to total electron density, B(xe) is the mag-
netic field at the equatorial location (x = xe, z = 0), Bmax denotes the magnetic field
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amplitude at the effective ionosphere-magnetosphere boundary defined as a sphere with
the radius rbc (Figure 1), and ne/neu ≃ 2Bmax/B(xe) ≫ 1 near the equator. To eval-
uate the KBM growth rate, we numerically solve the two nonlinear equations (3) and
(4). Since the wave frequency ω(= ωr + iγk) is a complex number, therefore the stiffen-
ing factor S is complex number as well, where ωr is the real frequency of the KBM and
γk is the KBM growth rate. In equation (4) βe = 2µ0neTe/B
2 represents the plasma
parameter β for electron and ω⋆pj = ω⋆j(1 + ηj) is the diamagnetic drift frequency,
where ω⋆j = B × ∇Pj · k⊥/(BωcjPj)(Tj/mj) and ηj = d lnTj/d lnnj . Furthermore,
ωˆBe = 2B×∇B ·k⊥Te/qeB3 and ωˆKe = 2B×κ ·k⊥Te/qeB2. The third term in the square
bracket of equation (4) is neglected in these calculations as the wave frequency ω is much
larger than the bounce-average of ωde i.e. (< ωde >) [Cheng and Lui , 1998].
4. Key Parameter Dependences of KBM Growth Rate
In this section, we evaluate the dependence of KBM growth rate on the key parameters
in the near-Earth magnetotail, including the local βeq, the ion Larmor radius, and the
trapped electron fraction, among others. The key parameters for the KBM dispersion
relation at the equatorial plane are evaluated as a function of xe from xe = −5RE to
xe = −16RE at k2 = 0.15 and k2 = 0.272 for the Voigt equilibrium model. Figure
2 shows that Lp = P/(dP/dx), βeq, the finite ion Larmor radius (ρi) all rise with k
2
from the lowest values at xe = −5RE to the highest values as soon as xe ≤ −9RE .
Similarly, βMHD = k2‖LpRc increases with k
2 from the higher value at xe = −5RE to the
lowest value once xe ≤ −9RE . The R−1c varies very slowly (straight lines), whereas k‖
decreases rapidly along the x-axis tailward, and k‖ becomes less than R
−1
c at equatorial
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locations (xe) farther away from Earth (Figure 2d). β
MHD is the β threshold, above which
the ballooning mode become unsatble within the ideal incompressible MHD model, i.e.
k2‖ = β
MHD/LpRc. Moreover, β
MHD is obtained from k2‖ = β
MHD/LpRc when setting
equation 3 to zero within the ideal MHD model. It is the critical β value, above which
the line bending force represented by k2‖ is overcome by the interchange force represented
by β/(LpRc). The parallel wave number measures from the field line configuration by
2pi/L(xe) with L(xe) being two times the length of field line starting from the crossing
point (xe, 0) at the equatorial plane to the effective ionosphere-magnetosphere boundary
location represented by the rbc circle originated at (0, 0) in the x-z plane, with the radius
rbc = 4.65RE (Figure 1). This choice of the effective rbc or k‖ is mainly based on the
observations and previous MHD analyses that the near-Earth magnetotail region near the
geosynchronous orbit (i.e. 6.6RE) is stable to macroscopic MHD type of perturbations,
including the ballooning modes in the spectrum regime where the parallel wavelength is
greater than L(xe) for xe ≤ 6.6RE (see also Figure 8). Indeed, the equatorial beta βeq
is lower at xe = −5RE , continues to increase with xe, and becomes leveled out beyond
xe = −9RE , whereas critical value βMHD tends to vary inversely along the x-axis (Figure
2b). The trapped electron fraction net/ne(= 1 − B/Bmax)1/2 increases with xe moving
away from the Earth for both thinner and wider current sheets. The trapped electrons
are the electrons that are bounced back at any location of the field lines, whereas those
who can pass through the location are considered as passing electrons.
For all calculation results, the ion and electron number density are taken as n = 1cm−3
in the central plasma sheet. The dipole moment of the Earth MD is set to be 4000nT
based on the expected value of the Earth’s dipole field and the realistic variations of
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magnetic field and plasma pressure at the equatorial plane. The temperature ratio (Te/Ti)
in equation (4) is assumed to be less than unity based on observations. Different values
of Te/Ti(= 0.1− 0.4) are considered to investigate its effect on the KBM growth rate.
4.1. Dependence on Local Parameters
–Stiffening Factor (S)
To isolate the dependence of KBM growth rate on the stiffening factor S at the equato-
rial points xe = −9RE and z = 0 with Te/Ti = 0.1 and ky = 40R−1E , we solve equation (3)
for the KBM growth rate with S fixed as a parameter. The KBM growth rate is usually
at its maximum at ky = 40R
−1
E which corresponds to the wave length λy ∼ 0.1RE that is
on the order of typical ion gyroradius (Figure 6). This is also supported by recent obser-
vations on the auroral bead structure, which maps to a wave-like structure in magnetotail
with a wavelength λy ∼ 600− 1000km, corresponding to the wave number ky = 2pi/λy in
the regime of ∼ 40 − 67(R−1E ) [e.g. Saito et al, 2008; Xing et al., 2020]. As S increases,
the KBM growth rate quickly reduces to zero when S ∼ 160 for both k2 = 0.15 and
k2 = 0.272 (Figure 3), confirming the strong stabilizing effect from the stiffening factor S
[Cheng and Lui , 1998]. However, the factor S is actually a function of several other more
fundamental parameters such as the finite ion Larmor radius and the diamagnetic drift
velocity, which may have both direct and indirect effects on KBM either through or not
through S. We look into these other key parameters next.
–Finite ion Larmor Radius (ρi)
The finite ion Larmor radius ρi appears in bi = k
2
yρ
2
i /2 in both equations (3) and
(4), which are solved together for the real frequency and growth rate of KBM. For the
wider current sheet (k2 = 0.15) with Te/Ti = 0.1 and ky = 40R
−1
E at the equatorial
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points xe = −9RE and z = 0, the KBM growth rate increases with bi when bi ≤ 0.3,
and eventually becomes fully suppressed when bi is above 2.78 (Figure 4-a). Such a
FLR stabilization of KBM has to act through the stiffening factor S, which would be
totally absent if S is artificially kept fixed (Figure 4). For the thinner current sheet with
k2 = 0.272, the dependence of KBM growth rate on ρi is similar (Figure 4-b).
–Trapped Electron Fraction (net/ne)
Equations (3) and (4) are also solved simultaneously to evaluate the KBM growth rate
as a function of trapped electron fraction (net/ne) at ky = 40R
−1
E and xe = −9RE for
two different typical values of the pressure scaling parameter (k2) (Figure 5). Here the
trapped electron fraction net/ne is varied as a parameter instead of a function of xe. For
the wider current sheet (k2 = 0.15), there is only a weak dependence of KBM growth
rate on net/ne; however, for the thinner current sheet (k
2 = 0.272), the effect of net/ne
on KBM growth rate becomes more apparent. The KBM growth rate against net/ne for
the thinner current sheet becomes zero when net/ne ∼ 9.5. In both cases, the trapped
electron fraction itself tends to stabilize KBM.
–ky Dependence (Diamagnetic Effects)
We evaluate the growth rate of the KBM in a long range of perpendicular wave number
(ky) normalized with an ion gyroradius (ρi) for different values of the pressure scaling
parameter k2 for temperature ratio Te/Ti = 0.1 at the equatorial location xe = −9RE
and z = 0. The KBM is found to be unstable at low end of kyρi for various choices of k
2
where the ideal MHD effects are dominant over the kinetic effects. For k2 = 0.15 case,
the KBM growth rate is almost constant until becomes suppressed when kyρi > 2.9. For
higher values of k2 which corresponds to stretched thin current sheet configurations, the
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KBM growth rate is more prominent for all range of kyρi (figure 6).
–βeq Dependence
Figure 2 shows that the βeq variation on equatorial plane is rather small beyond 9RE ,
thus in figure 7, the βeq value at xe = −9RE is used as a representative of the overall β
level of equilibrium. For the KBM analysis in the near-Earth magnetotail, the pressure
scaling parameter (k2) is used to control the local βeq. The plasma βeq increases with
k2 and the magnetic field lines become more stretched and tail-like. The KBM growth
rate as a function of βeq through the equatorial point xe = −9RE with ηj = 0 is plotted
for different values of ky shown in figure 7. Consistent with the previous subsection, the
KBM growth rate is generally lower at higher values of ky for a given βeq. The KBM
growth rate increases with βeq in the lower βeq regime where the pressure-driven term
βeq/LpRc ∼ 2µ0κ ·∇P/B2 is dominant. Since the FLR (ρi) increases with the pressure
scaling parameter k2 as ρi ∝ β1/2eq (shown in Figure 2-c), which in turn increases the
stiffening factor S, the KBM growth rate decreases in the higher βeq regime due to the
FLR stabilization through S. Figure 7-b shows the variation of the KBM growth rate
over a broad spectrum of βeq for different choices of Te/Ti at ky = 38R
−1
E , indicating
non-monotonic effects of the Te/Ti ratio.
4.2. Dependence on equatorial location and current sheet width
We evaluate the maximum growth rate of the KBM as a function of xe for two typical
values of pressure scaling parameter k2 = 0.15 and k2 = 0.272 at Te/Ti = 0.1 and
ky = 38R
−1
E (Figure 8). The profiles of number density n(xe) for both cases are shown in
figure 8-a. For k2 = 0.15 (wider current sheet case), the number density profile is obtained
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using n = P/(Te+Ti), there the typical value of Ti in the near-Earth plasma sheet is taken
as 1 keV [Kivelson and Russell , 1995]. The value of ion temperature at 1keV corresponds
to the realistic number density profile (see Figure 8-a) in a low βeq regime, which is not
the only or the representative regime for the near-Earth plasma sheet at all times. It
is considered here in the study to compare with the more common higher βeq regimes,
where Ti is typically higher than 1keV (see Figure 7). For k
2 = 0.272 (thin current sheet
case), the number density profile is kept same with the wider current sheet case, while
the corresponding ion temperature is obtained from Ti = P/n(1 + Te/Ti). The stiffening
factor increases significantly with the equatorial location xe (Figure 8-b). For the wider
current sheet, the KBM growth rate increases in the region 5 < −xe < 10 due to the
dominant effect of the ballooning drive term −βeq/LpRc (Figure 8-c). The KBM growth
rate reaches to the peak value at xe ∼ −10.2RE and then decreases with the stiffening
factor S tailward. For the thin current sheet configuration (k2 = 0.272), the KBM growth
rate varies along xe similarly, however, the magnitude of which is nearly 200 times larger
than that in the wider current sheet case (Figure 8-c).
The parameter zmp defines the magnetopause location along z-direction and we use the
parameter zmp as a proxy for the current sheet thickness in the Voigt model of magnetotail
equilibrium. For ky = 38(R
−1
E ) and Te/Ti = 0.1, we compare the βeq dependence of KBM
growth rate between the thin (zmp = 1RE) and the wider current sheets (zmp = 3RE)
(Figure 9). The KBM in the thin current sheet configuration is significantly more unstable,
suggesting that the two possible scenarios proposed in ideal MHD model for the substorm
onset trigger through ballooning instability remains possible even in the regime of KBM
[Zhu et al , 2004].
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5. Summary and Discussion
In this paper, a local dispersion relation for the KBM stability is evaluated for the near-
Earth magnetotail in a broad range of key plasma sheet parameters including the finite ion
Larmor radius (ρi) and equatorial beta (βeq) for both dipole-like and stretched 2D Voigt
equilibriums, which are meant for modeling the near-Earth magnetotail configuration
during the slow substorm growth phase. Our results show that the growth rate of KBM is
strongly dependent on the magnetic field stiffening factor S, which is mainly determined by
the trapped/untrapped electron fraction, the finite ion gyroradius, and the magnetic drift
motion of charged particles. It is found that KBM is most unstable in the intermediate
equatorial βeq for kyρi < 1 and in the tail region (10 − 11)RE due to the combined
stabilizing effects from the finite ion Larmor radius and the trapped electrons elsewhere.
Our results also indicate that the current sheet thinning enhances the KBM growth rate
and such a mechanism remains a highly trigger for the substorm onset in the near-Earth
magnetotail.
The KBM stability of the near-Earth magnetotail in other types of configurations prior
to the substorm onset needs to be examined in future work. Furthermore, Cheng and Lui
[1998] used local approximations to develop the kinetic ballooning instability theory. In
future study, the global eigenmode analysis approach is also worth exploring.
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Figure 1. Magnetic field lines of the Voigt equilibrium in the near-Earth magnetotail.
The equilibrium parameters are xb = 6, zmp = 3 (a) k
2 =0.15, and (b) k2 =0.272.
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Figure 2. Variation of the key stability parameters as a function of xe for two different
k2 values at z = 0 using the Voigt equilibrium model (a) the plasma scale length Lp =
P/(dP/dx) and the radius of curvature Rc = 1/|bˆ · ∇bˆ|, (b) the plasma parameter βeq =
2P/B2 and the βMHD = k2‖LpRc (the critical β value for the onset of incompressible
ballooning instability in the ideal MHD model), (c) the finite ion gyroradius ρi, (d) the
magnetic field curvature R−1c = |bˆ · ∇bˆ| and the parallel wave number k‖ = 2pi/L(xe), (e)
the Alfve´n time τA = RE/VA, and (f) the trapped electron fraction net/ne.
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Figure 3. The KBM growth rate as a function of stiffening factor S from equation (3)
for different equilibrium pressure scaling parameter k2 values at ky = 40R
−1
E .
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Figure 4. The KBM growth rate as a function of bi at the equatorial point xe = −9RE
in the Voigt equilibrium model at ky = 40R
−1
E for (a) k
2 = 0.15 and (b) k2 = 0.272.
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Figure 5. The KBM growth rate as a function of net/ne in the Voigt equilibrium model
at ky = 40R
−1
E for (a) k
2 = 0.15 and (b) k2 = 0.272.
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xe = −9RE in the Voigt equilibrium model with increasing values of pressure scaling
parameter (k2).
D R A F T August 7, 2020, 1:23am D R A F T
ABDULLAH ET AL: KINETIC BALLOONING INSTABILITY X - 33
0
5
10
15
20
k(1
/s)
ky=38
ky=40
ky=43
ky=46
0.01 50 100 150 200 250 300 350 400
eq(xe)
0
1
2
3
4
5
6
k(1
/s)
T
e
/Ti=0.1
T
e
/Ti=0.2
T
e
/Ti=0.3
T
e
/Ti=0.4
(a)
(b)
k/3
Figure 7. The KBM growth rate as a function of βeq for (a) four different values
of ky(R
−1
E ) at Te/Ti = 0.1 and (b) four different values of Te/Ti at the equatorial point
xe = −9RE for ky = 38R−1E in the Voigt equilibrium model.
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Figure 8. (a) Profile of the number density at k2 = 0.15 with Ti = 1keV , (b) the
stiffening factor (S), and (c) maximum growth rate of the KBM as a function of xe at
k2 = 0.15 and k2 = 0.272 using the Voigt equilibrium model with ky = 38(R
−1
E ).
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Figure 9. Comparison of the KBM growth rate between a thin (zmp = 1RE) and a
wider (zmp = 3RE) current sheet configurations over a broad range of βeq at the equatorial
point xe = −9RE in the Voigt equilibrium model for ky = 38R−1E .
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